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The spin-dependent scattering in ferromagnet/nonmagnet/ferromagnet~Ga,Mn!As/~Al,Ga!As/
~Ga,Mn!As trilayer structures was studied. An increase of sheet resistance was observed when the
magnetizations of the two ferromagnetic~Ga,Mn!As layers were aligned anti-parallel, which was
realized by the different coercivity of the two~Ga,Mn!As layers with different compositions. This
is the first demonstration of spin-dependent scattering in magnetic multilayer structures made of




































nce.Spin-dependent scattering in metallic ferromagne
nonmagnetic multilayers has attracted much attention
cause of its physics as well as the technological importa
of the giant magnetoresistance~GMR! effect.1 The magni-
tude of the coupling between ferromagnetic layers is sho
to be oscillatory, the origin of which is believed to b
the carrier-mediated Ruderman–Kittel–Kasuya–Yos
~RKKY ! interaction. Ferromagnet/insulator multilayers gi
rise to tunneling magnetoresistance~TMR!, which offers an
even larger magnetoresistance~MR! ratio than that of all
metallic systems.2 When a semiconducting layer is used f
the intermediary nonmagnetic layer, the interlayer coupl
can be modulated by external parameters such
temperature3 and light illumination.4 Multilayer structures
made of semiconductor materials alone may have e
higher potential advantages over their metal counterpa
one may be able to control electronically the coupling a
other properties of multilayers.
The ferromagnetic semiconductor~Ga,Mn!As5 shows a
relatively high ferromagnetic transition temperatureTc ~110
K!, can readily be incorporated in the GaAs bas
heterostructures,6–8 and therefore offers an opportunity t
study an all semiconductor ferromagnet/nonmagnet st
ture. Ferromagnetism in~Ga,Mn!As is carrier ~hole!-
induced, due to the large hole concentration
mid 1018–mid 1020cm23.9 We previously reported interlaye
coupling in~Ga,Mn!As/~Al,Ga!As/~Ga,Mn!As trilayer struc-
tures, where the ferromagnetic coupling between the
~Ga,Mn!As layers was shown to be a function of the thic
ness and the Al content of the~Al,Ga!As nonmagnetic
layer:8 The results indicated that the coupling is also carri
mediated. However, no spin-dependent scattering was
served in the previous experiments, most probably beca





















Here we report the spin-dependent transport, i.e., M
effect, resulting from the spin-dependent scattering, wh
depends on the direction of magnetizationM of the two
~Ga,Mn!As layers, in ~Ga,Mn!As/~Al,Ga!As/~Ga,Mn!As
trilayer structures with current-in-plane geometry. This is t
first demonstration of spin-dependent scattering in multila
structures made of semiconductor-materials alone.
We prepared a set of ~Ga0.95Mn0.05!As/
(Al yGa12y)As/~Ga0.97Mn0.03!As trilayer structures grown a
250 °C, in which Mn surface segregation during growth
prevented, on 50 nm-thick~Al0.30Ga0.70!As/1mm-thick
~In0.15Ga0.85!As/semi-insulating GaAs~001! substrates, as
hown schematically in Fig. 1. The thickness of 1mm of the
~In,Ga!As buffer layer is considered to be thick enoug
to relax the lattice mismatch. The thickness of the tw
~Ga,Mn!As layers and~Al,Ga!As layer was set to 30 nm an
2.8 nm, respectively. The Mn contentsx of 0.05 for the top
~Ga,Mn!As and 0.03 for the bottom~Ga,Mn!As were used to
give different coercive forces. Since the resistivity
~Ga0.95Mn0.05!As is comparable to that of~Ga0.97Mn0.03!As at
low temperature, transport measurements allow us to obs
the properties of both layers at the same time. Two trila
structures with Al contenty50.14 and 0.30 of the interme
FIG. 1. Sample structures of~Ga,Mn!As/~Al,Ga!As/~Ga,Mn!As trilayer
structures. The Al contenty is 0.14 and 0.30. A~Ga0.95Mn0.05!As single
layer structure instead of a trilayer structure was also prepared for refere6 © 2000 American Institute of Physics
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Downdiary ~Al,Ga!As were grown in order to change the intera
tion between the two~Ga,Mn!As layers. A~Ga0.95Mn0.05!As
single layer structure instead of a trilayer structure was a
prepared for reference. All samples were processed into
bar geometries using photolithography and wet etching.
electrodes were formed from the side to contact the
~Ga,Mn!As layers simultaneously by indium solder.
In order to use the anomalous Hall effect to monitor t
magnetization perpendicular to the plane,5 a thick lattice re-
laxed ~In,Ga!As buffer layer was employed to strain th
trilayer structure tensiley, which results in a perpendicu
easy axis.10 The parallel or anti-parallel spin configuration
the present trilayer structure is realized by the use of
difference between the coercivities of the two~Ga,Mn!As
layers with differentx.
Figure 2 shows the magnetotransport properties o
~Ga0.95Mn0.05!As single-layer structure at 8 K with B perpen-
dicular to the plane. The squares and circles represen
Hall resistanceRHall and sheet resistanceRsheet, respectively.
The clear square hysteresis-loop inRHall reflects that the
magnetic easy-axis is perpendicular to the sample plane
maximum inRsheetis observed at the coercive field, which
probably due to the scattering caused by the rotation of
magnetic domains.
Figures 3~a! and 3~b! show the magnetotranspo
properties of the ~Ga0.95Mn0.05!As/~Al0.14Ga0.86!As/
~Ga0.97Mn0.03!As trilayer structure at 30 K and 55 K, respe
tively. The step feature inRHall observed in Fig. 3~a! reflects
the weighted average ofM of the two~Ga,Mn!As layers with
the different coercive force. Since the conductivity of t
~Ga0.95Mn0.05!As layer is slightly higher than that of th
~Ga0.97Mn0.03!As, the overall feature in the transport prope
ties reflects the behavior of the~Ga0.95Mn0.05!As layer. The
clear increase ofRsheet was observed in the step region
0.002–0.006 T ofRHall , where the magnetizations of the tw
~Ga,Mn!As layers are aligned anti-parallel. The result ind
cates that there is spin-dependent scattering, which resu
increase ofRsheetjust as in metallic multilayer systems. Th
FIG. 2. Magnetotransport properties of a~Ga0.95Mn0.05!As single layer at 8
K. The squares and circles represent the Hall resistanceRHall and sheet
resistanceRsheet, respectively. A clear square hysteresis-loop inRHall indi-
cates that the magnetic easy-axis is perpendicular to the sample plane
hysteresis inRsheetextending over the coercive field is due to temperat











step structure inRHall disappeared at 55 K~and above! as
shown in Fig. 3~b!, in which RHall andRsheetnow show simi-
lar behavior to that of the reference single layer shown
Fig. 2. Since 55 K is close to theTc of ~Ga0.97Mn0.03!As, the
FIG. 4. RHall and Rsheet vs B at 30 K for a ~Ga0.95Mn0.05!As/
~Al0.30Ga0.70!As/~Ga0.97Mn0.03!As trilayer structure. The clear increase o
Rsheetis observed over a wider step region than for the trilayer structure w
an intermediate~Al0.14Ga0.86!As layer.
he
FIG. 3. ~a! RHall and Rsheet vs B at 30 K for a ~Ga0.95Mn0.05!As/
~Al0.14Ga0.86!As/~Ga0.97Mn0.03!As trilayer structure. The clear increase o
Rsheet was observed in the step region of 0.002–0.006 T ofRHall , where
the magnetizations of the two~Ga,Mn!As layers are anti-parallel. The
hysteresis inRsheetextending over the coercive field is due to temperatu
fluctuation. ~b! RHall and Rsheet vs B at 55 K for a ~Ga0.95Mn0.05!As/
~Al0.14Ga0.86!As/~Ga0.97Mn0.03!As trilayer structure. The behavior is simila
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Downdisappearance of the two-step structure is attributed to
~Ga0.97Mn0.03!As layer becoming paramagnetic, and t
trilayer structure thus behaves like a single layer. The s
structure and corresponding increase of sheet resistance
also observed in the other trilayer structure with an interm
diate ~Al0.30Ga0.70!As layer as shown in Fig. 4. The MR ra
tios of the samples withy50.14 and 0.30 are about 0.20 an
0.04% at 30 K, respectively. The reduced MR ratio in t
sample with a higher Al content is consistent with the high
valence band barrier, which reduced the transport across.
MR ratios are lower by several orders of magnitude co
pared to that of the metallic systems, which is believed to
partly due to the nonoptimized structure.
In summary, we have studied the spin-dependent tra
port properties of semiconducting~Ga,Mn!As/~Al,Ga!As/
~Ga,Mn!As trilayer structures. The simultaneous observat
of the magnetization curve and the magnetoresistance e
was realized by the control of the magnetic easy axis. T
magnetoresistance effect caused by the change of the
netization alignment of the two~Ga,Mn!As layers was ob-
served, demonstrating spin-dependent scattering in an
semiconductor magnetic multilayer structure.
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